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(54) Ferroelectric thin film comprising a bufferlayer and a Bismuth layered compound 



(57) A ferroelectric thin film includes: a bismuth ox- 
ide polycrystal thin film constituting a buffer layer, and a 
bismuth-based layered compound thin film of the formu- 
la: Bi 2 A m . 1 B rn 0 3m+3 wherein A is selected from Na, K, 



Pb, Ca, Sr, Ba and Bi; B is selected from Fe, Ti, Nb, Ta, 
Wand Mo; and m is an integer of 1 or more, the bismuth 
oxide polycrystal thin film and the bismuth-based lay- 
ered compound thin film being formed into a single- 
phase. 
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Description 

The present invention relates to a ferroelectric thin 
film, a manufacturing method thereof and a device in- 
corporating the same. More particularly, it relates to a 5 
ferroelectric thin film, a manufacturing method thereof 
and a device incorporating the same which can be ap- 
plied to a ferroelectric memory element, a pyroelectric 
sensor, a piezoelectric element and the like. 

Having numerous properties such as spontaneous 10 
polarization, high dielectric constant, electrooptical ef- 
fect, piezoelectric effect, pyroelectric effect and the like, 
a ferroelectric is applied to a wide range of devices such 
as capacitors, oscillators, optical modulators, infrared 
sensors and the tike. *5 

Recently, by applying the spontaneous polarization 
property of the ferroelectric to a memory, a ferroelectric 
non -volatile memory has been realized which shows a 
great improvement in operation speed and data rewrit- 
ing time as compared with a conventional non-volatile 20 
memory such as EEPROMO or flash memory. Also, by 
utilizing the high dielectric constant property, the capac- 
itor size is made smaller, whereby high integration of 
semiconductor elements such as DRAMs is achieved, 
and a device of giga bit size is fabricated on an experi- 2s 
mental basis. 

As described above, it is essential to develop a 
technique for reducing the thickness of a ferroelectric 
film in conformity with the conventional semiconductor 
processes in order to apply the ferroelectric to various 30 
devices such as semiconductor elements. In other 
words, it is desired to develop ferroelectric materials 
which can realize a desired property with a small thick- 
ness produced by lowering the film-forming temperature 
and by making a dense and flat film whereby the ferro- 35 
electric thin film is suitable for fine processing and re- 
duction of operation voltage. Also, it is desired to devel- 
op a technique for reducing the thickness of ferroelectric 
films. 

Conventionally, lead titanate zirconate (Pb 40 
(2r 1 . x Ti x )0 3 ; PZT) has been widely used as the ferroe- 
lectric material. However, PZT accompanies a problem 
that deterioration of ferroelectric property (film fatigue) 
generated by repetition of polarization inversion is large. 

Among bismuth-based layered compounds repre- 46 
sented by the formula: Bi 2 Am- 1 B m 0 3m+3 (wherein A is 
at least one element selected from the group consisting 
of Na, K, Pb, Ca, Sr, Ba, and Bi; and B is at least one 
element selected from the group consisting of Fe, Ti, 
Nb, Ta, W and Mo),. ferroelectric materials such as bis- so 
muth titanate (Bi 4 Ti 3 0 12 ), strontium bismuth tantalate 
niobate (S^fTa^ x Nb x ) 2 0 9 ) (0^X^1 ) and the like are 
attracting public attention because of their resistance to 
film fatigue, and has been widely developed in a tech- 
nique for reducing the film thickness. 55 

Especially among these ferroelectric materials, 
Bi 4 Ti 3 0 12 (rhombic system, lattice constants: 
a=5.4100A, b=5.4489A, c=32.815A (JCPDS data card 



2 

35-795)) is a material showing a ferroelectric property 
with a strong anisotropy. A bulk ferroelectric property of 
the material shows a spontaneous polarization of 50 u. 
C/cm 2 and a coercive field of 50 kV/cm along the a-axis. 
The spontaneous polarization of the material is the larg- 
est among the above bismuth-based layered com- 
pounds. In contrast, the material has a very small coer- 
cive field of 4 kV/cm along the c-axis although the spon- 
taneous polarization along the c-axis is as small as 4 u. 
C/cm 2 . 

A Bi 4 Ti 3 0 12 film is formed with a small thickness by 
a number of methods such as a MOCVD method, a sol- 
gel method, a sputtering method and the like. 

A lot of reports on the sol -gel method are provided 
because of its facility in film-forming control. However, 
the sol-gel method generally involves high temperature 
thermal treatment of 650° C or more with the grain size 
being as large as about 0.5 u. m, so that it is difficult to 
obtain a good property with a film thickness of 200 nm 
or less and application to fine processing is also difficult. 

On the other hand, the MOCVD method is expected 
for application to a practical device processes because 
reduction of the film thickness of a large area is generally 
possible and the step coverage is good. However, re- 
duction of the film thickness of B^T^O-^ by a conven- 
tional MOCVD method is carried out at a high substrate 
temperature of 600°C or more and, moreover, the ob- 
tained film is in most cases a c-axis oriented film having 
large crystal particles. Therefore, it was not possible to 
obtain a thin film of Bi 4 Ti 3 0 12 having a large polarization 
component along the a-axis. 

Further, a three-step growth method is recently pro- 
posed by the inventors of the present invention (See 
Japanese Unexamined Patent Publication No. HEI 8 
(1996)-306231). According to the method, growth of 
main Bi 4 Ti 3 0 12 thin film to be formed on a buffer layer 
is achieved at a low substrate temperature of 400° C by 
using a double buffer structure in which a very thin tita- 
nium oxide buffer layer is formed on a substrate at a 
substrate temperature of 400°C and, further, a very thin 
Bi 4 Ti 3 0 12 film is laminated thereon at a substrate tem- 
perature of 400°C to 650°C . The obtained thin film has 
superior crystal linity, density and surface flatness and is 
shown to have, in the case of a film thickness of 200 nm 
or less, a better ferroelectric property than those previ- 
ously reported. 

However, in addition to good ferroelectric property, 
simplification of the process is earnestly desired. Fur- 
ther, the thin film of SrBi 2 (Ta 1 . x Nb x ) 2 O g has a property 
that the film fatigue generated by the polarization inver- 
sion is very small although the remanent spontaneous 
polarization thereof is about 1 0 jiC /cm 2 which is inferior 
to that of Bi 4 Ti 3 0 12 . 

Reduction of the thickness of SrB^Ta^xNbx^Og 
film is carried out mainly by a coating film-forming meth- 
od such as the sol-gel method or a MOD method. 

However, it is believed that a thermal treatment for 
the method needs a temperature of 800°C or more, so 
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that it is difficult to apply the method to fabrication of 
semiconductor devices by itself. Namely, in the coating 
film-forming method, it is difficult to finely control the film 
thickness and also, since the method involves a high 
temperature process, reaction of the film with other ma- s 
terials constituting the device and the like occurs; and 
further, the grain size is large, so that the method is not 
suitable for fine processing. Therefore, reduction of the 
film-forming temperature is desired. 

Generally, in order to apply a ferroelectric material 10 
to a semiconductor device, it is desired to suppress the 
reaction of a film with other materials constituting the 
device including an electrode material by lowering the 
film-forming temperature and to realize a dense thin film 
having a flat surface so as to obtain a good ferroelectric is 
property with a small film thickness of 200 nm or less. 

However, as described above, technique for obtain- 
ing a good ferroelectric property as well as realizing a 
fine processing and the like has not been achieved and 
is not fully applied to practical device development. 20 

The present invention provides a ferroelectric thin 
film comprising: a bismuth oxide polycrystal thin film 
constituting a buffer layer, and a bismuth-based layered 
compound thin film represented by the formula: 
B'2A m -i B m 0 3m+3 wherein A is an atom selected from the 25 
group consisting of Na, K, Pb, Ca, Sr, Ba and Bi; B is an 
atom selected from the group consisting of Fe, 71, Nb, 
Ta, W and Mo; and m is an integer of 1 or more, the 
bismuth oxide polycrystal thin film and the bismuth- 
based layered compound thin film being formed into a 30 
single-phase. 

Also, the present invention provides a process of 
manufacturing a ferroelectric thin film, comprising the 
steps of: vaporizing organic metal materials each con- 
taining one of metal elements constituting the ferroelec- 35 
trie thin film to yield an organic metal material gases; 
supplying the organic metal material gases onto a sub- 
strate having a bismuth oxide polycrystal thin film as a 
buffer layer together with an oxygen -containing gas and 
a carrier gas so as to form a bismuth -based layered *o 
compound thin film represented by the formula: 
Bi 2 A rr) . 1 B m 0 3m+ 3 (wherein A is an atom selected from 
the group consisting of Na, K, Pb, Ca, Sr, Ba and Bi; B 
is an atom selected from the group consisting of Fe, Ti, 
Nb, Ta, W and Mo; and m is an integer of 1 or more), by 45 
the MOCVD method, whereby the beforehand formed 
bismuth oxide polycrystal thin film and the bismuth- 
based layered compound thin film are combined into a 
single-phase ferroelectric thin film. 

Further, the present invention provides a capacitor so 
element comprising a lower electrode layer, a ferroelec- 
tric thin film described above, and an upper electrode 
layer which are formed successively on a substrate. 

Also, the present invention provides a ferroelectric 
non-volatile memory element of FET type comprising a 55 
ferroelectric thin film described above which is used as 
a gate insulating film of a MOSFET on a semiconductor 
substrate, whereby an electric current flowing through 



a channel portion of the MOSFET is switched in accord- 
ance with a spontaneous polarization direction of the 
ferroelectric thin film. 

Accordingly, the purpose of the present invention is 
provide a ferroelectric thin film, a manufacturing method 
therefor and a ferroelectric thin film element capable of 
lowering the film-forming temperature, reducing the film 
thickness and controlling the orientation of the film with 
a simpler film-forming process as compared with the 
conventional method for manufacturing a ferroelectric 
thin film. 

The present invention will be better understood 
from the following detailed description of preferred em- 
bodiments of the invention, taken in conjunction with the 
accompanying drawings, in which: 

Fig. 1 is a schematic cross-sectional view illustrat- 
ing an embodiment of a capacitor utilizing a ferroe- 
lectric thin film of the present invention; 
Fig. 2 is a view illustrating XRD patterns of buffer 
layers formed of bismuth oxide polycrystal thin film 
according to an embodiment of the present inven- 
tion; 

Figs. 3(a) and 3(b) are photographs illustrating a 
surface morphology of each of the buffer layers 
shown in Fig. 2; 

Figs. 4(a) and 4(b) are photographs illustrating a 
surface morphology of each of the buffer layers 
shown in Fig. 2; 

Figs. 5(a), 5(b), and 5(c) are views illustrating XRD 
patterns of ferroelectric thin films after a bismuth ti- 
tanate thin film is formed according to the embodi- 
ment of the present invention; 
Figs. 6(a) and 6(b) are photographs illustrating a 
surface morphology of bismuth titanate thin films 
according to the embodiment of the present inven- 
tion; 

Figs. 7(a) and 7(b) are views illustrating XRD pat- 
terns of ferroelectric thin films after a bismuth titan- 
ate thin film is formed according to another embod- 
iment of the present invention; 
Figs. 8(a) and 8(b) are photographs illustrating a 
surface morphology of the ferroelectric thin films 
shown in Figs. 7(a) and 7(b); 
Figs. 9(a) and 9(b) are photographs illustrating a 
surface morphology of the ferroelectric thin films 
shown in Figs. 7(a) and 7(b); 
Figs. 10(a) and 1 0(b) are views illustrating a hyster- 
esis of ferroelectric thin films shown in Figs. 7(a) 
and 7(b); 

Figs. 11(a) and 11(b) are views illustrating a leak 
current of ferroelectric thin films shown in Figs. 7(a) 
and 7(b); 

Figs. 1 2(a) and 12(b) are views illustrating XRD pat- 
terns of ferroelectric thin films after a bismuth titan- 
ate thin film is formed according to still another em- 
bodiment of the present invention; 
Figs. 13(a) and 13(b) are a schematic cross-sec- 
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tional view and a circuit diagram of an essential por- 
tion illustrating a non-volatile memory element 
which is an embodiment of an element including the 
ferroelectric thin film of the present invention; and 
Fig. 14 is a schematic cross-sectional view of an s 
essential portion illustrating a MFMIS-FET which is 
another embodiment of an element including the 
ferroelectric thin film of the present invention. 

The ferroelectric thin film of the present invention 10 
comprises a bismuth oxide polycrystal thin film and a 
bismuth-based layered compound thin film which are 
formed into a single-phase. 

The bismuth oxide polycrystal thin film functions as 
a buffer layer for the bismuth-based layered compound 1$ 
thin film; however, when the bismuth-based layered 
compound thin film -is formed thereon, the bismuth oxide 
polycrystal thin film is, in the end, integrated with the 
bismuth-based layered compound thin film to be formed 
into a single-phase. Here, the term "single-phase" indi- 20 
cates that the intended ferroelectric thin film shows a 
single crystal structure. Therefore, it means that the bis- 
muth oxide polycrystal thin film and the bismuth -based 
layered compound thin film are integrated to show the 
intended crystal structure of ferroelectric thin film, pref- 25 
erably a layered perovskite structure. 

The bismuth oxide polycrystal thin film can be 
formed by selecting a conventional method such as the 
MOCVD method, the sol-gel method, a reactive vapor 
deposition method, a.EB vapor deposition method, the 30 
sputtering method, a laser ablation method and the like. 
In forming the bismuth oxide polycrystal thin film, bis- 
muth oxide may be formed in a form of polycrystal film, 
or alternatively bismuth oxide may be formed in an 
amorphous and then transformed into a polycrystal film. 35 
Among these methods, it is preferable to form the film 
by the MOCVD method. The process for forming the film 
by the MOCVD method may be a method in which the 
film is formed by using an organic material gas contain- 
ing bismuth, an oxygen-containing gas and an optional 40 
carrier gas. At this time, pressure in forming the film, 
total flow rate of the used gases, flow rate of the material 
gas, flow rate of the carrier gas and flow rate of the ox- 
ygen-containing gas may be maintained constant or 
may be suitably varied. For example, the flow rates of *s 
the material gas and the oxygen -containing gas may be 
suitably adjusted depending on the size of the film-form- 
ing apparatus, the thickness of the film to be formed and 
the like, preferably about 100 to 700 seem and 100 to 
2000 seem, respectively. so 

The material gas containing bismuth may be, for ex- 
ample, BiH 3 , BiCI 3 , BiBr 3> Bil 3 , Bi(CH 3 ) 3 , Bi(C 2 H 5 ) 3 , Bi 
(n-C 3 H 7 ) 3 , Bi(n-C 4 H 9 ) 3 , Bi(i-C 4 H 9 ) 3 , Bi(n-C 5 H 11 ) 3 , Bi 
(C 6 H 5 ) 3 , Bi(o-C 7 H 7 ) 3 , Bi(2-CH 3 C 6 H 4 ) 3 , Bi(4-CH 3 C 6 H 4 ) 3 
Bi(OCH 2 CH 2 N(CH 3 ) 2 ) 3 , Bi(OCHCH 3 CH 2 N(CH 3 ) 2 ) 3 , Bi 55 
(OC(CH 3 ) 2 CH 2 CH 3 ) 3 and the like. Among these, Bi(o- 
C 7 H 7 ) 3 is preferable. 

The oxygen-containing gas may be, for example, a 



gas containing oxygen at 1 to 100 vol%, preferably 20 
to100vol%. 

The carrier gas may be an inert gas such as argon 
gas or nitrogen gas. If the carrier gas is to be used, the 
mixing ratio of the material gas and the oxygen -contain- 
ing gas with respect to the carrier gas may be suitably 
adjusted in the range of 100:1 to 1:100 by volume. 

Further, the film-forming temperature at this time is 
preferably 600°C or less, more preferably in the range 
of 350 to 450°C. 

The bismuth oxide polycrystal thin film is preferably 
formed to a thickness of 50 nm or less, more preferably 
to a thickness of about 10 to 50 nm. 

The ferroelectric thin film of the present invention is 
constituted by bismuth-based layered compound thin 
film formed on the bismuth oxide polycrystal thin film. 
Here, the bismuth-based layered compound thin film 
may be formed of, for example, a compound represent- 
ed by the formula: Bi 2 A m . 1 B m 0 3m+3 wherein A is an at- 
om selected from the group consisting of Na, K, Pb, Ca, 
Sr, Ba and Bi; B is an atom selected from the group con- 
sisting of Fe, Ti, Nb, Ta, W and Mo; and m is an integer 
of 1 or more. 

Specifically, the bismuth-based layered compound 
thin film may be formed of, for example, B^T^O^, 
SrBi 2 Ta 2 0 9 , SrBi 2 Nb 2 0 9 , BaBi 2 Nb 2 O g , BaBi 2 Ta 2 O g , 
PbBi 2 Nb 2 0 9 , PbB^TagOg, PbBi 4 Ti 4 0 15 , SrBi 4 Ti 4 0 15 , 
BaBi 4 Ti 4 0 15 , PbBi 4 Ti 4 0 15 , S^BUTigO^, Pb 2 Bi 4 Ti 5 0 18 , 
Nao sBi^T^O^, Ko S Bi 4 5 Ti40 15 and the like. Among 
these, Bi 4 Ti 3 0 12 is preferable. 

The bismuth-based layered compound thin film can 
be formed by selecting a conventional method such as 
the MOCVD method, the sol-gel method, the reactive 
vapor deposition method, the EB vapor deposition 
method, the sputtering method, the laser ablation meth- 
od and the like. Among these, the MOCVD method is 
preferable. The bismuth-based layered compound thin 
film may be formed by the MOCVD method in the same 
manner as described above except for the kind or the 
number of material gases to be used. 

With respect to the material gas, a bismuth-based 
material gas is as described above. A lead-based ma- 
terial gas may be, for example, PbCI 2 , Pb(CH 3 ) 4 , Pb 
(C 2 H 5 ) 4 , Pb(n-C 3 H 7 ) 4 , Pb(i-C 3 H 7 ) 4 , Pb(C 6 H 5 ) 4 , Pb 
(CH 2 ) 3 OCH 2 C(CH 3 ) 3 , Pb(thd) 2 and the like. A stron- 
tium-based material gas may be, for example, SrC^, Sr 
(C 2 H 5 ) 2 , Sr(C 5 (CH 3 ) 5 ) 2 , Sr(thd) 2 and the like. A barium- 
based material gas may be, for example, BaC^, Ba 
(C 2 H 5 ) 2 , Ba(C 5 (CH 3 ) 5 ) 2 , Ba(thd) 2 and the like. A titani- 
um-based material gas may be, for example, TiCI 4 , Ti 
(C 5 H 5 )CI 2 , Ti(OCH 3 ) 4 , Ti(OC 2 H 5 ) 4 , Ti(0-i-C 3 H 7 ) 4 , Ti(0- 
n-C 3 H 7 ) 4 , Ti(0-n-C 4 H 9 ) 4 , Ti(0-t-C 4 H 9 ) 4 , Ti(0-n- 
c 6 H ii)4. Ti (thd) 2 , TiCI 2 (thd) 2 and the like. A niobium- 
based material gas may be, for example, NbCI 5 , Nb 
(C 5 H S )CI 5 , Nb(OCH 3 ) 5 , Nb(OC 2 H 5 ) 5 , Nb(0-n-C 3 H 7 ) 5 , 
Nb(0-i-C 3 H 7 ) 5 , Nb(0-t-C 4 H 9 ) 5 , Nbp-n-CgHnkandthe 
like. A tantalum-based material gas may be, for exam- 
ple, TaCI 5 , Ta(C 5 H 5 )CI 5 , Ta(OCH 3 ) 5> Ta(OC 2 H 5 ) 5 , Ta(0- 
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n-C 3 H 7 ) 5l Ta(0-i-C 3 H 7 ) 5l Ta(0-n-C 4 H 9 ) 5 , Ta(0-t- 
C 4 H 9 ) 5 . TaP-n-CsHnJs and the like. Here, "thd" repre- 
sents ((CH 3 ) 3 CCO) 2 CH. Among these, when the 
Bi 4 Ti 3 0 12 film is to be formed, it is preferable to use a 
combination of Bi(o-C 7 H 7 ) 3 and Ti(i-OC 3 H 7 ) 4 . Although s 
a mixture of these material gases or a mixture of the 
material gases and the oxygen -containing gas may be 
used, it is preferable to use them independently in a 
state of a single gas. 

Each of these material gases or the mixture material 10 
gases may be used together with a carrier gas. At this 
time, pressure in forming the film, total flow rate of the 
used gases, flow rate of the carrier gas and flow rate of 
the oxygen-containing gas may be maintained constant 
or may be suitably varied. For example, the flow rate of is 
each of the material gases may be suitably adjusted de- 
pending on the size of the film-forming apparatus, the 
thickness of the film to be formed and the like, and is 
preferably about 100 to 700 seem. 

The oxygen-containing gas may be used at a flow 20 
rate of 20 to 40 vol% or 60 to 80 vol% of the total flow 
rate of the used gases. Namely, by using the oxygen- 
containing gas with the flow rate being in the above 
range, the obtained bismuth -based layered compound 
is formed to have a composition which is shifted from a 25 
stoichiometric composition ratio, and the orientation 
thereof can be controlled. 

In forming the bismuth-based layered compound 
thin film, the film-forming temperature is preferably 
600°C or less, more preferably in the range of 400°C to 30 
450° C. Further, the thickness of the bismuth-based lay- 
ered compound thin film preferably may be larger than 
that of the above-mentioned bismuth oxide polycrystal 
thin film and may be about 200 nm or less. 

It seems that the above-described ferroelectric thin 35 
film and the manufacturing method thereof according to 
the present invention is more effective with regard to the 
simplicity of a buffer layer structure and the film -forming 
process as compared with the three-step growth meth- 
od developed by the inventors of the present invention 40 
and referred to in the description of related arts. The 
buffer layer formed of bismuth oxide polycrystal thin film 
may be effective not only for a formation of bismuth ti- 
tanate thin film but also for a low-temperature process 
for forming the above-described bismuth-based layered 
compound thin film having a similar layered perovskite 
structure such as SrBi 2 (Ta 1 . x Nb x )0 9 . 

The ferroelectric thin film as described above can 
be used as a capacitor element or a ferroelectric non- 
volatile memory element. In this case, the capacitor el- so 
ement or the ferroelectric non-volatile memory element 
can be fabricated by successively forming a ferroelectric 
thin film as mentioned above and an upper electrode 
layer on a substrate provided with a lower electrode lay- 
er composed of an electrically conductive thin film. ss 

The material for the substrate to be used in the 
present invention may be any material as long as it can 
be generally used as a substrate for a semiconductor 



device or an integrated circuit. For example, the sub- 
strate may be a semiconductor substrate of silicon and 
the like, a compound semiconductor substrate of GaAs, 
InPGa and the like, an oxide crystal substrate of MgO 
and the like, a sapphire substrate, a glass substrate, a 
dielectric substrate of SrTiO a , BaTiOg, PbTi0 3 and the 
like, and may be selected in accordance with the type 
and use of a device to be fabricated. Among these, a 
silicon substrate is preferable. 

The lower electrode layer provided on the substrate 
may be formed, for example, as a lower electrode of the 
capacitor and is made of an electrically conductive thin 
film which is generally used for an electrode. The mate- 
rial for the lower electrode may be any material as long 
as it can withstand a film -forming process when a ferro- 
electric thin film is formed at a later step. Examples of 
the material for the lower electrode include Ta, Ti, Pt, Pt/ 
Ti, Pt/Ta and the like. The film thickness of the lower 
electrode is not specifically limited and may be appro- 
priately adjusted in accordance with the size and the like 
of the device to be formed. The lower electrode layer 
may be formed, for example, by employing a conven- 
tional method such as the sputtering method, the vapor 
deposition method and the like. The lower electrode lay- 
er may be formed on a substrate directly or on a sub- 
strate provided with one or more of a dielectric film, an 
adhesive layer, a lower wiring, a desired element, an in- 
terlayer dielectric film and the like. 

Further, an upper electrode layer is formed on the 
ferroelectric thin film. The upper electrode layer may be 
formed, for example, as an upper electrode of a capac- 
itor. The material of the upper electrode and the method 
for forming the upper electrode are as described above. 
A desired wiring forming process and dielectric film 
forming process are then performed on the electrode 
layer to complete the ferroelectric capacitor element. 

The above-mentioned ferroelectric thin film may be 
used in an integrated circuit as a component of a ferro- 
electric device or a semiconductor device in addition to 
a capacitor element. For example, the ferroelectric ele- 
ment may be used as a capacitance section of a non- 
volatile memory. Alternatively, the ferroelectric element 
may be applied to a gate section of FET and combined 
with a gate electrode, a gate dielectric film, source/drain 
regions and the like for use as an MFMIS-FET, an MFS- 
FET and the like. 

Hereafter, the ferroelectric thin film, the manufac- 
turing method thereof and the ferroelectric thin film ele- 
ment according to the present invention are described 
in detail by way of examples. 

Example 1: Film characteristics according to film- 
forming temperature of a bismuth oxide polycrystal thin 
film which is a buffer layer 

Fig. 1 shows a capacitor element which can utilize 
the ferroelectric thin film of the present invention. The 
capacitor element includes a thermal oxide film 2 of 
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Si0 2 , a Ta film 3 which is an adhesive layer, and a lower 
electrode layer 4 of Pt formed successively on a silicon 
substrate 1 . A ferroelectric film made of a bismuth oxide 
polycrystal thin film constituting a buffer layer 5 and a 
bismuth-based layered compound thin film 6 is formed s 
on the lower electrode layer 4. 

Hereafter, the method for forming the buffer layer 5 
in the ferroelectric thin film to be applied to the above 
capacitor element is explained. 

First, a Pt/Ta/SiCySi substrate was fabricated. io 

After a thermal oxide film 2 of Si0 2 having a film 
thickness of 200 nm was formed by thermal oxidation of 
a silicon wafer surface constituting the silicon substrate 
1 , a Ta film 3 having a film thickness of 30 nm and suc- 
cessively a lower electrode layer 4 of Pt having a film is 
thickness of 200 nm were formed by a conventional 
sputtering method. Here, the Ta film 3 was used as an 
adhesive layer for the thermal oxide film 2 and the lower 
electrode layer 4. 

Then, a bismuth oxide polycrystal thin film was 20 
formed at a substrate temperature of 300°C, 350°C, 
400°C and 450°C, respectively, by a MOCVD method 
as a buffer layer 5 on the obtained Pt/Ta/SiOg/Si sub- 
strate. 

As a Bi material, triorthotolylbismuth Bi(o-C 7 H 7 ) 3 25 
was used. The bismuth oxide polycrystal thin film was 
formed by vaporizing the Bi material at a temperature of 
160°C and supplying an Ar gas (300 seem) used as a 
carrier gas and an oxygen gas (1300 seem) used as a 
reaction gas onto the surface of the above-mentioned 30 
substrate positioned in the film-forming chamber. Where 
the Ar gas is used in this manner, it is considered on 
calculation that Bi(o-C 7 H 7 ) 3 is consumed at about 2.7 
x 10- 6 mol/min. 

Here, if the pressure within the film-forming cham- 35 
ber at the time of forming the film is 10 Torr or more, the 
Bi material gas condenses by gas phase reaction before 
reaching the substrate surface, whereby particles are 
generated. Therefore, the pressure was maintained at 
5 Torr. Also, the flow amount and the flow rate of the *o 
used gases must be adjusted in order to form a uniform 
thin film on the entire surface of the substrate. There- 
fore, in forming the bismuth oxide polycrystal thin film, 
an Ar gas was simultaneously supplied at a flow rate of 
900 seem as a balance gas for adjusting the total flow *s 
rate of the used gases in addition to a combination of 
the Ar carrier gas containing the Bi material gas and the 
oxygen gas used as the reaction gas so that the total 
gas flow rate was 2500 seem. The period of time for 
forming the film was 30 minutes for each substrate tern- so 
perature and the film thickness was about 100 nm. 

Fig. 2 shows an X-ray diffraction pattern (XRD pat- 
tern) of the bismuth oxide polycrystal thin film formed in 
the above manner. Referring to Fig. 2, it was confirmed 
that all of the bismuth oxide polycrystal thin films formed ss 
at respective substrate temperatures showed a diffrac- 
tion peak near 28°, which showed that the films had 
been crystallized. Further, the intensity of the diffraction 



peak increased in accordance with the rise of the sub- 
strate temperature, and especially, a sharp increase is 
observed at 350°C to 400°C. 

Figs. 3(a) to 4(b) are photographs taken by a scan- 
ning electron microscope (SEM) showing a surface mor- 
phology of each of the bismuth oxide polycrystal thin 
films obtained as above. From these photographs, it is 
understood that the surface of the thin film is flat at a 
substrate temperature of 350°C or less, whereas a sur- 
face roughness (unevenness) gradually begins to be 
observed according as the substrate temperature rises, 
for example, to 400°C and to 450°C. This shows that 
the crystal linity increases sharply at those tempera- 
tures. Namely, crystal granules grow according as the 
substrate temperature rises, so that the intensity of XRD 
diffraction peak increases, thereby generating the sur- 
face roughness. 

As a result, it has been confirmed that the bismuth 
oxide polycrystal thin film is sufficiently crystallized even 
at a low temperature of 400°C or less. 

Example 2: Film structure of ferroelectric thin film 
according to the presence or absence of the bismuth 
oxide polycrystal thin film constituting the buffer layer 

A bismuth oxide polycrystal thin film was formed to 
a film thickness of about 20 nm as a buffer layer 5 in the 
same manner as in the Example 1 except that the film 
was formed on a surface of a Pt/Ta/SiCySi substrate at 
a substrate temperature of 400°C for 10 minutes. 

Subsequently, a bismuth titanate thin film constitut- 
ing the bismuth-based layered compound thin film 6 was 
formed on the buffer layer 5. As the Bi material, triortho- 
tolylbismuth Bi(o-C 7 H 7 ) 3 was vaporized at a tempera- 
ture of 160°C in the same manner as in the Example 1 
and was used with an Ar carrier gas at 300 seem. As the 
Tl material, titanium tetraisopropoxide Ti(i-OC 3 H 7 ) 4 was 
vaporized at a temperature of 50°C in the same manner 
and was used with an Ar carrier gas supplied at 65 seem 
and an 0 2 gas supplied at 1300 seem and, further, the 
flow rate of Ar gas for balance was adjusted so that the 
total gas flow rate was 2500 seem. Where the Ar gas is 
used in this manner, it is considered on calculation that 
Ti(i-OC 3 H 7 ) 4 is consumed at about 2.0 x 10" 6 mol/min. 
The bismuth titanate thin film was formed for one hour 
and the film thickness was about 100 nm (sample A). 

As a comparative example, a bismuth titanate thin 
film was formed under the same condition but without 
the buffer layer of bismuth oxide polycrystal thin film 
(sample B). 

Figs. 5(a) and 5(b) show XRD patterns of these 
samples A and B. As a result of this, it is understood that 
a crystal thin film was obtained for each of the samples 
A and B although the substrate temperature was as low 
as 400°C . However, it is observed that, while a diffrac- 
tion peak of a single-phase Bi4Ti 3 0 12 of layered per- 
ovskite structure was clearly obtained in the case of the 
bismuth titanate thin film of the sample A using the buffer 
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layer 5, the sample B without the buffer layer 5 mainly 
showed a diffraction peak of Bi 2 Ti 2 0 7 having a pyro- 
chlore structure with very small diffraction peak intensity 
by Bi 4 Ti 3 0 12 . 

In order to investigate the cause of this difference, s 
the composition of each of the obtained films was ana- 
lyzed by EPMA. As a result of this, it was found that Bi/ 
Ti was 1 . 32 in the sample A having a buffer layer, where- 
as Bi/Ti was 1 .04 in the sample B without the buffer layer. 
In other words, the sample A having a buffer layer had io 
a composition rich in Bi because of the existence of the 
buffer layer of bismuth oxide polycrystal thin film. This 
corresponds well to the fact that the above XRD patterns 
for the respective films are different. Also, the Bi/Ti com- 
position ratios of these samples A and B are almost J5 
identical to the stoichiometric composition ratios 1 .33 of 
Bi 4 Ti 3 0 12 and 1.0 of B^TigOy, respectively. This seems 
to show that XRD patterns corresponding to the respec- 
tive crystal structures were obtained. 

Therefore, If the film composition is allowed to be 20 
Bi/Ti = 1.33 even in a sample without the buffer layer, 
there is a possibility of obtaining a thin film which shows 
a diffraction pattern of Bi 4 Ti 3 0 12 in the same manner as 
in the case of the sample A with the bismuth oxide buffer 
layer. In order to confirm this, a thin film was formed by 25 
increasing the flow rate of the carrier gas for the Bi ma- 
terial to 350 seem and maintaining the other conditions 
to be the same as those of the above comparative ex- 
ample (sample B without the buffer layer). Sample C is 
the thin film obtained as a result of the above process. 30 

The EPMA analysis shows that the sample C has a 
composition ratio of Bi/Ti = 1 .31 . However, according to 
the XRD pattern shown in Fig. 5(c), it is understood that 
the sample C still shows a main diffraction peak of 
Bi 2 Ti 2 07 having a pyrochlore structure, although the dif- 35 
fraction peak intensity of Bi 4 Ti 3 0 12 has clearly in- 
creased as compared with the XRD pattern of bismuth 
titanate of the sample B having a composition ratio of 
Bi/Ti = 1 .04 without the buffer layer. 

As is clearly understood from the above result, it is 40 
essential to use a buffer layer of bismuth oxide polycrys- 
tal thin film in crystallizing Bi 4 Ti 3 0 12 having a layered 
perovskite structure at a low temperature. 

Further, the XRD pattern of the sample A using the 
buffer layer of bismuth oxide polycrystal thin film in Fig. 45 
5(a) does not show an XRD diffraction pattern corre- 
sponding to a bismuth oxide polycrystal thin film. This 
seems to show that, when the bismuth titanate film 
grows, the bismuth oxide polycrystal thin film and the 
bismuth titanate thin film undergo a solid phase reaction, so 
whereby the entire thin film including the bismuth oxide 
polycrystal thin film has grown to be a B^T^O^ film cor- 
responding to the Bi/Ti composition ratio. This clearly 
shows that, in the end, the bismuth oxide polycrystal thin 
film disappears. 55 

Next, surface morphologies of the above samples 
A and C were compared. Figs. 6(a) and 6(b) show sur- 
face SEM photographs of the samples A and C, respec- 



tively. These photographs showthat both of the samples 
have a grain size which is as small as about 20 to 50 
nm and good surface flatness. This seems to be be- 
cause increase in the size of crystal grain was sup- 
pressed by forming the film at a low temperature of 
400°C. Also, in the sample A, it is shown that the surface 
morphology of the buffer layer made of the bismuth ox- 
ide polycrystal thin film gives only a small difference on 
the surface morphology of the upper thin film made of 
bismuth titanate. 

This clearly shows that, in the case where the bis- 
muth oxide buffer layer 5 is formed, it is extremely ef- 
fective in realizing a single-phase Bi 4 Ti 3 0 12 thin film 
(having a layered perovskite structure) at a low sub- 
strate temperature of 400°C. 

Example 3: Orientation of Bi 4 Ti 3 0 12 thin film crystal 
according to the change in the Bi/Ti composition ratio of 
bismuth titanate thin film which is a bismuth-based 
layered compound thin film 

A Pt/Ta/SiCySi substrate was used as the sub- 
strate in the same manner as in the Example 1 . 

Also, a buffer layer of bismuth oxide polycrystal thin 
film was formed on the substrate in the same manner 
as in the Example 1. Namely, Bi(o-C 7 H 7 ) 3 was vapor- 
ized at a temperature of 160°C as the Bi material and 
was used with an Ar carrier gas supplied at 300 seem, 
an 0 2 gas supplied at 1 300 seem and an Ar gas for bal- 
ance supplied at 900 seem onto the substrate to form 
the film for 10 minutes. 

Subsequently, a bismuth titanate thin film was 
formed to a thickness of 100 nm on the buffer layer un- 
der the following condition. Namely, the substrate tem- 
perature was maintained at 400°C; a Bi material gas 
was used at a flow rate of 250 seem or 350 seem; a Ti 
material was vaporized to a temperature of 50° C ; an Ar 
carrier gas was used at 65 seem; and the flow rate of 
the total used gases including an 0 2 gas and an Ar gas 
for balance was maintained at a constant value of 2500 
seem. 

The Bi/Ti composition ratio of the obtained film was 
1 .08 (in the sample D) when the flow rate of the Bi ma- 
terial gas was 250 seem, and was 1 .45 (in the sample 
E) when the flow rate of the Bi material gas was 350 
seem. Figs. 7(a) and 7(b) show XRD patterns of the re- 
spective thin films. 

All of the observed diffraction peaks correspond to 
Bi 4 Ti 3 0 12 having a layered perovskite structure. Also, it 
is understood that the orientation changes in accord- 
ance with the difference in the Bi/Ti composition ratio. 

Namely, in the case of the sample D where the Bi/ 
TI composition ratio is smaller than the stoichiometric 
composition ratio of Bi/Ti = 1 .33, a film is obtained with 
a c-axis predominant orientation having (OOr) reflections 
(where r is an even integer), which are clearly c-axis ori- 
entation components, as major reflections, as shown in 
Fig. 7(a). On the other hand, in the case of the sample 
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E where the Bi/Ti composition ratio is larger than the 
stoichiometric composition ratio, the intensity of the 
(1 1 7) reflection increases and the other reflection peaks 
are very small, as shown in Fig. 7(b). This shows that 
the thin film of the sample E is a film where the (117) s 
orientation is predominant. Since the (117) orientation 
includes a component in the a-axis direction which is a 
direction in which the spontaneous polarization of 
B\^T\ z Oy 2 is large, the thin film of the sample E can be 
expected to exhibit a larger spontaneous polarization io 
than the thin film (Bi/Ti = 1 .32) prepared in the Example 

2 and exhibiting a random orientation. 

Figs. 8(a), 8(b) and 9(a), 9(b) are SEM photographs 
showing film surface morphologies of the sample D (film 
with c-axis predominant orientation) and the sample E is 
(film with (117) predominant orientation), respectively 
In these Figures, Fig 8(a) and Fig. 9(a) shows a cross 
section of the ferroelectric thin film formed on the lower 
electrode layer and Fig. 8(b) and Fig. 9(b) shows a per- 
spective view. 20 

An upper electrode layer was formed with Pt having 
a diameter of 1 00 urn and a thickness of 1 00 nm by va- 
por deposition on the samples D and E obtained as 
above to form a ferroelectric capacitor, and the ferroe- 
lectric properties were measured by using these ferro- 25 
electric capacitors. 

Figs. 10(a) and 10(b) shows hysteresis curves of 
the samples D and E, respectively. This shows that the 
film of the sample D with c-axis predominant orientation 
has a remanent polarization of Pr = 2.8 u.C /cm 2 , a co- 30 
ercive field of Ec = 51 kV/cm and a leak current density 
of l L = 6 X 10" 9 u. A/cm 2 when 3V is applied, and has a 
remanent polarization of Pr = 3.2 u. C/cm 2 , a coercive 
field of Ec = 60 kV/cm and a leak current density of l L = 

3 X 1 0- 8 p. A/cm 2 when 5V is applied. 35 

On the other hand, the film of the sample E with 
(117) predominant orientation has a remanent polariza- 
tion of Pr = 20 u, C/cm 2 , a coercive field of Ec = 90 kW 
cm and a leak current density of l L = 1 X 10" 8 u. A/cm 2 
when 3V is applied, and has a remanent polarization of 40 
Pr = 23 u. C/cm 2 , a coercive field of Ec = 100 kV/cm and 
a leak current density of l L = 8 x 1 0' 8 /cm 2 when 5V 
is applied, 

From this, it is understood that the film of the sample 
D with c-axis predominant orientation and the film of the 
sample E with (117) predominant orientation both show 
good saturation properties where the polarization is sat- 
urated at an applied voltage of 3V or more. 

Figs. 11 (a) and 11 (b) show leak current properties. 
Theseshowthatthesample D has a leak current density so 
of l L = 6 X 1 0' 9 |i A/cm 2 when 3V is applied, and a leak 
current density of l L = 3 x 10" e \xA /cm 2 when 5V is ap- 
plied. On the other hand, the sample E has a leak current 
density of l L = 1 x 10 -8 ^lA/cm 2 when 3V is applied, and 
a leak current density of l L = 8 X 1 0" 8 p. A/cm 2 when 5V S5 
is applied. 

From these, it is understood that the film of the sam- 
ple D with c-axis predominant orientation and the film of 



the sample E with (117) predominant orientation both 
show very good leakage properties. 

Thus, in the present invention, the orientation can 
be changed effectively by changing the Bi/Ti composi- 
tion ratio in the bismuth titanate thin film. Therefore, it is 
possible to separately fabricate a thin film having a large 
spontaneous polarization component along the a-axis 
which Bi 4 Ti 3 0 12 originally has and a thin film having a 
small coercive field component along the c-axis, where- 
by ferroelectric properties suitable for the intended de- 
vice can be obtained. 

Now, when thin films having a Bi/Ti composition ra- 
tio other than those described above are evaluated, the 
following is shown. If the Bi/Ti composition ratio is about 
1 .0 or less, Bi 2 Ti 2 07 having a pyrochlore structure which 
is an ordinary dielectric substance begins to be gener- 
ated. On the other hand, if the Bi/Ti composition ratio 
exceeds 1 .5, bismuth oxide begins to be mingled in ad- 
dition to Bi 4 Ti 3 0 12 . Therefore, it is understood that it is 
preferable to control the Bi/Ti composition ratio within 
the range of 1 .0 to 1 .5. 

Example 4: Orientation of the Bi 4 Ti 3 0 12 thin film crystal 
when only the ratio of 0 2 gas in the material gas is 
changed at the time of forming the film with the Bi/Ti 
composition ratio in the bismuth titanate thin film being 
maintained at the stoichiometric composition ratio 

In order to obtain a desired orientation in the above 
Example 3, it is necessary to change the amount of the 
Bi and Ti material gases to be supplied, so that the Bi/ 
Ti composition ratio of the thin film is shifted from the 
stoichiometric composition ratio of Bi 4 Ti 3 0 12 . There- 
fore, excess atoms which are not incorporated in the 
crystal lattice exist and these excess atoms form a lat- 
tice defect in the thin film crystal, raising a possibility that 
an undesired influence is given to the thin film material 
properties. Accordingly, in this Example, an explanation 
is given to show that the orientation can be changed with 
the Bi/Ti composition ratio in the thin film being main- 
tained at the stoichiometric composition ratio by chang- 
ing only the ratio of the 0 2 gas in the material gases 
while maintaining the supplied amount of the Bi and Ti 
material gases to be constant in forming the thin film by 
the MOCVD method. 

A Pt/Ta/SiOg/Si substrate was used as the sub- 
strate in the same manner as in the Example 1 to form 
a buffer layer of bismuth oxide polycrystal thin film sim- 
ilar to the Example 1 . Then, a bismuth titanate thin film 
was formed substantially in the same manner as in the 
Example 1 except that the ratio of the flow rate of the 
0 2 gas relative to the flow rate of the total used gases 
is changed. Namely, a film was formed. with the 0 2 gas 
flow rate of 900 seem (36% of the flow rate of the total 
used gases) to prepare a sample F, and another film was 
formed with the 0 2 gas flow rate of 1500 seem (60% of 
the flow rate of the total used gases) to prepare a sample 
G. 
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The Bi/Ti composition ratio of each of the samples 
F and G prepared under the above film-forming condi- 
tion was measured. The result showed that the Bi/Ti 
composition ratio was 1.28 for the sample F and 1.35 
for the sample G, each of which was near the stoichio- 5 
metric composition ratio of 1.33 in Bi 4 Ti 3 0 12 . 

Also, XRD patterns for the samples F and G were 
measured. Figs. 12(a) and 12(b) show the XRD patterns 
obtained by the measurement. It is understood from 
Figs. 12(a) and 12(b) that, although each of the XRD io 
patterns shows only a diffraction peak of Bi 4 Ti 3 0 1 2 hav- 
ing a layered perovskite structure, their orientations are 
quite different. Namely, in the sample F, a film with c- 
axis predominant orientation is obtained having (OOr) re- 
flections (wherein r is an even integer), which are clearly « 
c-axis orientation components, as major reflections. On 
the other hand, in the sample G, the intensity of (117) 
reflection is large and the other reflection peaks are very 
small. This shows that the sample G is a film having a 
(117) reflection as a major reflection. 20 

The (117) reflection contains a component in the a- 
axis direction in which the spontaneous polarization of 
Bi 4 Ti 3 0 12 is large, so that the film can be expected to 
have a larger spontaneous polarization than the thin film 
exhibiting a random orientation prepared in the Example 2s 

1 (0 2 gas flow rate ratio = 52%). 

As explained above, according to the method of the 
present invention for fabricating bismuth titanate, the 
orientation of the thin film can be changed effectively by 
changing the ratio of the flow rate of the supplied 0 2 gas 30 
relative to the flow rate of the total supplied material gas- 
es in forming the thin film by the MOCVD method. Also, 
since the Bi/Ti composition ratio of the thin film is not 
shifted largely from the stoichiometric composition ratio 
as in the Example 3, it is possible to suppress the gen- 35 
eration of lattice defects in the fabricated bismuth titan- 
ate thin film due to the composition shift. Further, the 
method of the present invention is advantageous in that 
the variation of the film-forming parameters can be 
greatly suppressed because it is sufficient to form the 40 
film under a condition such that only the amounts of the 

0 2 gas and the Ar gas for balance are changed while 
maintaining the condition of supplying the Bi and Ti ma- 
terial gases to be constant. 

Here, films formed under a different flow ratio of the *s 
supplied 0 2 gas from that of the thin film described 
above were evaluated. The result showed that, when 
the flow rate ratio was within the range of 20% to 40%, 
a Bi4Ti 3 0 12 thin film mainly having the c-axis orientation 
as a predominant orientation was obtained. On the other so 
hand, when the flow rate ratio was within the range of 
60% to80%, the (1 1 7) orientation was predominant and, 
when the flow rate ratio was within the range of 40% to 
60%, the thin film had a random orientation in which the 
(1 1 7) orientation and the c-axis orientation were both ss 
present. 



Example 5: Ferroelectric non-volatile memory element 

In this example, an explanation is given on a prac- 
tical case in which the above-mentioned ferroelectric 
thin film is applied to an electronic device. 

First, Fig. 13 (a) shows an example in which the 
above ferroelectric thin film is applied to a non-volatile 
memory having a capacitor structure, and Fig. 13(b) 
shows an equivalent circuit thereof. The non-volatile 
memory having a capacitor structure is constructed with 
one capacitor 30 and one transistor 36 for selection. The 
capacitor 30 includes a ferroelectric thin film 38 and a 
pair of upper and lower electrode layers 33, 32 sand- 
wiching the ferroelectric thin film 38. The transistor 36 
includes a source region 35 connected to a bit line 35a, 
a gate electrode 34 connected to a word line 34a and a 
drain region 37 connected to an Al wiring layer 31 . The 
Al wiring layer 31 is also connected to the upper elec- 
trode layer 33 of the capacitor 30. 

An explanation is now given on a method of fabri- 
cating a non -volatile memory having the above-men- 
tioned capacitor structure. First, a field oxide film 39 for 
device isolation is formed on an n-type Si substrate. 
Thereafter, the source region 35 and the drain region 37 
are formed by the conventional MOS fabrication meth- 
od, followed by forming a gate dielectric fi Im and the gate 
electrode 34 to complete the MOS transistor. Further, 
the surface of the substrate having the transistor formed 
thereon is covered with PSG (phosphosilicate glass) 
film 40 as an interlayer dielectric film and is planarized 
by reflow process. 

Then, after the lower electrode layer 32 is formed 
thereon, the ferroelectric thin film 38 of Bi 4 Ti 3 0 12 having 
a (1 1 7) predominant orientation and the upper electrode 
layer 33 are successively formed. Subsequently, the 
substrate is covered with PSG film 41 again and sub- 
jected to reflow process; then contact holes are formed 
on the drain region 37 and on the upper electrode layer 
33; and finally the Al wiring layer 31 is formed. The fer- 
roelectric thin film of Bi 4 Ti 3 0 12 having the (117) predom- 
inant orientation is formed because the non-volatile 
memory having the capacitor structure preferably in- 
cludes the ferroelectric thin film exhibiting a large spon- 
taneous polarization. 

Hereafter, operation of the non-volatile memory 
having the above-capacitor structure is explained. 

In order to write the data B 1 M , a negative voltage 
pulse larger than the coercive field is applied to the fer- 
roelectric thin film 38 via the selection transistor 36 from 
the bit line 35a. This polarizes the ferroelectric thin film 
38, and allows the direction of the spontaneous polari- 
zation to be oriented toward the lower electrode layer 
32 of the capacitor 30. 

On the other hand, in order to write the data "O", a 
positive voltage pulse larger than the coercive field is 
applied to the ferroelectric thin film 38 via the selection 
transistor 36 from the bit line 35a. This polarizes the fer- 
roelectric thin film 38, and allows the direction of the 
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spontaneous polarization to be oriented toward the up- 
per electrode layer 33 of the capacitor 30. 

In order to read these data, the polarization direc- 
tion of the ferroelectric thin film 38 is detected. When a 
positive voltage pulse is applied to the lower electrode s 
layer 32 in a state having the written data of '1 the di- 
rection of the spontaneous polarization of the ferroelec- 
tric thin film 38 is inverted. At this time, an inversion cur- 
rent accompanying the polarization inversion flows 
through the capacitor 30. 10 

On the other hand, when a positive voltage pulse is 
applied to the lower electrode layer 32 in a state having 
the written data of "0", the direction of the spontaneous 
polarization of the ferroelectric thin film 38 is not invert- 
ed, so that the non-inversion current flowing through the is 
capacitor 30 is smaller than the above inversion current. 
Therefore, it is possible to determine whether the written 
data was "1 ■ or "0 fl by detecting, with a sensing amplifier 
(not shown) connected to the bit line, the electric current 
flowing through the ferroelectric thin film 38 at the time 20 
of applying the voltage pulse and setting a threshold be- 
tween the magnitude of the inversion current and the 
magnitude of the non-inversion current. 

Since the state of spontaneous polarization is main- 
tained in the ferroelectrics even if the electric field is cut 25 
off, the operation of the non-volatile memory is made 
possible. Here, with the same structure as mentioned 
above, the capacitor can be operated at ordinary times 
as a DRAM by utilizing only the property of having a high 
dielectric constant in the ferroelectrics. This makes it 30 
possible to operate the capacitor as a DRAM at ordinary 
times and as a non-volatile memory at the time of turning 
the power off. 

Example 6: Ferroelectric non-volatile memory of FET 35 
type 

In this example, an explanation is given on a MFMIS 
(Metal Ferroelectric Metal Insulator Semiconductor) 
structure enabling a non-destructive reading operation *o 
by using a ferroelectric thin film in a gate dielectric film 
of a FET (Field Effect Transistor). 

Fig. 14 shows a ferroelectric non-volatile memory 
of FET type in this example. The ferroelectric non -vola- 
tile memory has a structure in which a ferroelectric thin 45 
film gate is disposed between a source region 43 and a 
drain region 44. Here, the ferroelectric thin film gate in- 
cludes a dielectric film (Si0 2 ) 45 which is in contact with 
a channel portion of a silicon substrate 1 , a ferroelectric 
thin film (Bi 4 Ti 3 0 12 ) 38 formed thereon, an upper gate so 
47, and an Al wiring layer 42 connected thereto. Here, 
a 814*1130! 2 thin film having the c-axis orientation is used 
as a ferroelectric thin film 38. Also, the gate dielectric 
film 45 was used because, if the ferroelectric thin film 
and the silicon substrate were in contact, it would be ss 
difficult to control the interface condition. 

Next, the operation of the non-volatile memory of 
FET type is explained. 



First, data are written by applying a positive or neg- 
ative pulse voltage to the upper gate 47 to set the direc- 
tion of the spontaneous polarization of the ferroelectric 
thin film 38. Since the spontaneous polarization of the 
ferroelectric thin film 38 induces dielectric polarization 
of the dielectric film 45, two states appear in accordance 
with the direction of the spontaneous polarization: 
namely, a state in which a depletion layer appears in the 
surface of the semiconductor immediately under the 
gate and a state in which the depletion layer does not 
appear. Therefore, it is possible to turn the electric cur- 
rent flowing between the source region 43 and the drain 
region 44 ON and OFF in accordance with the direction 
of the spontaneous polarization of the ferroelectric thin 
film 38. Thus, it is possible to read the direction of the 
spontaneous polarization (data) by measuring the elec- 
tric current flowing between the source and the drain to 
determine whether the state is the ON state or the OFF 
state. 

In this case, since the reading operation does not 
involve the polarization inversion, the operation is non- 
destructive. Also, since the spontaneous polarization is 
maintained even after the gate voltage is turned off, the 
operation as a non-volatile memory is made possible. 

In this example, the Bi 4 Ti 3 0 12 thin film was allowed 
to have the c-axis orientation. This is because utilization 
of the small coercive field component in the c-axis di- 
rection is effective in reducing the voltage for rewriting 
the data (inversion of the spontaneous polarization di- 
rection). Especially, since Si0 2 having a low dielectric 
constant is used as the dielectric film 45 in this Example, 
most of the voltage applied to the ferroelectric thin film 
gate is applied to Si0 2> so that only a small portion of 
the applied voltage is applied to the ferroelectric thin film 
38 which performs an essential function. Therefore, it is 
necessary to make the coercive field as small as possi- 
ble in order to invert the polarization of the ferroelectric 
thin film 38 securely to rewrite the data 

According to the present invention, since a buffer 
layer comprising a bismuth oxide polycrystal thin film is 
used, it is possible to lower the crystallization tempera- 
ture of a bismuth-based layered compound thin film as 
compared with the case with no buffer layer and to in- 
crease the crystal nucleus generation density Further, 
by a synergistic effect with the suppression of crystal 
grain growth by lowering the crystallization temperature, 
it is possible to obtain a dense film structure. Also, since 
the elements constituting the buffer layer are included 
in the bismuth -based layered compound formed there- 
on, it is possible to prevent impurities from being min- 
gled therein. Furthermore, since the buffer layer is not 
present in the ferroelectric thin film obtained in the end, 
it is possible to obtain a ferroelectric thin film in which 
the buffer layer and the bismuth-based layered com- 
pound thin film are integrally formed into a single-phase. 

Particularly, if the buffer layer has a film thickness 
of 50 nm or less and the bismuth-based layered com- 
pound thin film has a film thickness of 50 nm or more 
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and 200 nm or less, it is possible to prevent the surface 
morphology of the buffer layer from degrading the sur- 
face morphology of the bismuth-based layered com- 
pound thin film positioned thereon. Therefore, although 
the film is thin, it is possible to prevent generation of pin- 5 
holes constituting the paths for electric current leakage 
and to lower the voltage to be applied for polarization 
inversion of the ferroelectric thin film, thereby reducing 
the operation voltage in practical application to a device. 
Also, since the ferroelectric thin film of the present in- io 
vention has a flat surface and a dense film structure, 
improvement of processing accuracy can be achieved 
in a fine processing such as dry etching necessary for 
practical fabrication of a device. 

Also, if the above ferroelectric thin film is a film spe- 1$ 
cif ically made of bismuth titanate, it is possible to control 
the orientation easily, so that a ferroelectric thin film hav- 
ing a property necessary for the intended device can be 
realized with good reproducibility. 

Further, according to the manufacturing method of 20 
the present invention, since the film can be formed by 
the MOCVD method, it is possible to fabricate a ferroe- 
lectric thin film which prevents impurities from being 
mingled, lowers the possible film-forming temperature, 
increases the crystal nucleus growth density, controls 25 
the increase in the size of the crystal granule, and is 
dense with flat surface. Especially, in the case where 
the obtained ferroelectric thin film is made of a material 
having a ferroelectric property with strong anisotrbpy 
such as Bi 4 Ti 3 0 12 , a thin film having an orientation with 30 
material characteristics suitable for each intended de- 
vice can be fabricated easily with good reproducibility. 
Also, since the orientation can be changed with the com- 
position of the thin film maintained to be the stoichiomet- 
ric composition, generation of the lattice defects due to 3S 
excess or insufficient atoms in the film can be sup- 
pressed, so that the deterioration in the material char- 
acteristics can be suppressed even if the orientation is 
changed. 

Particularly, in the case where the film-forming tern- *o 
perature of the buffer layer is within the range of 350° C 
to 450°C, the buffer layer itself can be made extremely 
thin by the low-temperature growth. Also, even if all the 
film-forming processes are conducted at a temperature 
of 450°C or less, it is possible to crystallize the bismuth- 4S 
based layered compound thin film sufficiently. Further, 
reaction of the ferroelectric thin film with other materials 
constituting the device and thermal damage to other el- 
ements formed on the substrate, which were problems 
in conventional film-forming methods using a high-tern- so 
perature process, can be greatly alleviated. 

Furthermore, by controlling the amount of oxygen- 
containing gas to be supplied at the time of forming the 
film, it is possible to form a thin film having a desired 
composition ratio and the control of the orientation is fa- ss 
cilitated, so that a thin film having a desired orientation 
can be realized with good reproducibility. 

Especially, by setting a condition of maintaining the 



amount of the Bi and Ti materials (carrier gas flow rate) 
to be constant and maintaining the flow rate of the total 
used gases including the amount of oxygen-containing 
gas to be constant in the case where the ferroelectric 
thin film is to be formed of bismuth titanate thin film, it is 
possible to obtain a bismuth titanate Bi 4 Ti 3 0 12 crystal in 
which the ferroelectric thin film has a (117) predominant 
orientation by allowing the ratio of the flow rate of the 
oxygen-containing gas relative to the flow rate of the to- 
tal gases to be within the range of 60% to 80%, and it is 
possible to obtain a bismuth titanate Bi 4 Ti 3 0 12 crystal in 
which the ferroelectric thin film has a (00r), i.e. c-axis 
predominant orientation by allowing the ratio of the flow 
rate of the oxygen-containing gas relative to the flow rate 
of the total gases to be within the range of 20% to 40%. 
Thus, it is possible to separately fabricate, with good re- 
producibility, a variety of thin films from a thin film with 
a (117) predominant orientation containing an a-axis di- 
rection component having a large spontaneous polari- 
zation component of Bi 4 7i30 12 crystal to a thin film with 
a c-axis predominant orientation having a small coercive 
field while simplifying the film-forming process by 
changing only the amount of the oxygen-containing gas 
to be supplied. Also, by allowing the Bi/Ti composition 
ratio to be 1 .0 or more, it is possible to suppress the 
generation of Bi 2 Ti 2 07 phase having a pyrochlore struc- 
ture which is an ordinary dielectric substance. 

Further, according to the present invention, it is pos- 
sible to utilize the ferroelectric thin film having the 
above-mentioned desired property as an element, the 
device can be allowed to have a desired property and it 
is possible to realize a good element which is highly re- 
liable. 



Claims 

1 . A ferroelectric thin film comprising: 

a bismuth oxide polycrystal thin film constitut- 
ing a buffer layer, and 

a bismuth-based layered compound thin film 
represented by the formula: 



Bi 2 A m-1 B m°3m + 3 



in which A is selected from Na, K, Pb, Ca, Sr, 
Ba and Bi; B is selected from Fe, 71, Nb, Ta, W 
and Mo; and m is an integer of 1 or more, 
the bismuth oxide polycrystal thin film and the 
bismuth -based layered compound thin film be- 
ing combined into a single-phase. 

2. A ferroelectric thin film according to claim 1 , wherein 
the buffer layer has a thickness of 50 nm or less. 

3. A ferroelectric th in film according to claim 1 or claim 
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2, wherein the bismuth-based layered compound 
thin film has a thickness more 50 nm and 200 nm 
or I 



4. A ferroelectric thin film according to any one of s 
claims 1 to 3, wherein the single-phase combination 

of the bismuth oxide polycrystal thin film and the bis- 
muth-based layered compound thin film is of bis- 
muth titanate. 

10 

5. A ferroelectric thin film according to claim 4, having 
a Bi/Ti ratio of more than 1 .33 and 1 .5 or less, an 
X-ray diffraction pattern which coincides with that of 
a single-phase crystal of bismuth titanate 
(Bi 4 Ti 3 0 12 ) and a (1 1 7) reflection as a major reflec- f 5 
tion. 

6. A ferroelectric thin film according to claim 4, having 
a Bi/Ti ratio of 1 .33 or less and 1 .0 or more, an X- 

ray diffraction pattern which coincides with that of a 20 
single-phase crystal of bismuth titanate (Bi 4 Ti 3 0 12 ) 
and (00 r) reflections, in which r is an even integer, 
as major reflections. 

7. A process for the manufacture of a ferroelectric thin 2s 
film, comprising the steps of: 

vaporizing organic metal materials each con- 
taining one of the metal elements constituting 
the ferroelectric thin film to yield organic metal 30 
material gases; 

supplying the organic metal material gases to 
a substrate having a bismuth oxide polycrystal 
thin film as a buffer layer together with an oxy- 
gen-containing gas and a carrier gas thereby 35 
forming by the MOCVD method a bismuth- 
based layered compound thin film represented 
by the formula: 



Bi 2 A m-1 B m°3m + 3 



40 



in which A is selected from Na, K, Pb, Ca, Sr, 
Ba and Bi; B is selected from Fe, Ti, Nb, Ta, W 
and Mo; and m is an integer of 1 or more, 4S 
the bismuth oxide polycrystal thin film and the 
bismuth-based layered compound thin film be- 
ing thereby combined into a single-phase fer- 
roelectric thin film. 

so 

8. A process according to claim 7, wherein the bismuth 
oxide polycrystal thin film is formed to a thickness 
of 50 nm or less at a temperature of 350 to 450° C. 

9. A process according to claim 7 or claim 8, wherein ss 
the bismuth-based layered compound thin film is 
formed to a thickness of more than 50 nm and 200 

nm or less at a temperature of 400 to 450°C. 



10. A process according to any one of claims 7 to 9, 
wherein the bismuth-based layered compound thin 
film is formed by supplying the organic metal mate- 
rial gases and the inert carrier gas at constant flow 
rates and supplying the oxygen -containing gas at a 
flow rate of 20 to 40 vol% or 60 to 80 vol% with re- 
spect to a total flow rate. 

11. A process according to claim 10, wherein the bis- 
muth-based layered compound thin film is formed 
by supplying organic metal material gases contain- 
ing Bi and Ti respectively and the inert carrier gas 
at constant flow rates and the oxygen-containing 
gas at a flow rate of 20 to 40 vol% with respect to a 
total flow rate thereby forming a ferroelectric thin 
film having a Bi/Ti ratio of 1.33 or less and 1.0 or 
more, an X-ray diffraction pattern which coincides 
with that of a single-phase crystal bismuth titanate 
(Qi 4 T\ 3 0^ 2 ) and (00 r) reflections, wherein r is an 
even integer, as major reflections. 

12. A process according to claim 10, wherein the bis- 
muth-based layered compound thin film is formed 
by supplying organic metal material gases contain- 
ing Bi and Ti respectively and the inert carrier gas 
at constant flow rates and the oxygen-containing 
gas at a flow rate of 60 to 80 vol% with respect to a 
total flow rate thereby forming a ferroelectric thin 
film having a Bi/Ti ratio of more than 1 .33 and 1 .5 
or less, an X-ray diffraction pattern which coincides 
with that of a single-phase crystal bismuth titanate 
(Bi 4 Ti 3 0 12 ) and a (117) reflection as a major reflec- 
tion. 

13. A capacitor element comprising in sequence on a 
substrate a lower electrode layer, a ferroelectric thin 
film according to any one of claims 1 to 6 or manu- 
factured by a process according to any one of 
claims 7 to 12 and an upper electrode layer. 

14. A capacitor element according to claim 1 3, which is 
used for a ferroelectric non-volatile memory ele- 
ment as a memory capacitor. 

15. A ferroelectric non-volatile memory element of the 
FET type comprising a ferroelectric thin film accord- 
ing to any one of claims 1 to 6 or manufactured by 
a process according to any one of claims 7 to 12 
which is used as a gate insulating film of a MOSFET 
on a semiconductor substrate, whereby an electric 
current flowing though a channel portion of the 
MOSFET is switched in accordance with a sponta- 
neous polarization direction of the ferroelectric thin 
film. 
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